We studied anesthetized sheep to determine the relationship between increased permeability pulmonary edema and the development and mechanism of pleural effusion formation. In 12 sheep with intact, closed thoraces, we studied the time course of pleural liquid formation after 0.12 ml/kg i.v. oleic acid. After 1 h, there were no pleural effusions, even though extravascular lung water increased 50% to 6.0±0.7 g/g dry lung. By 3 h pleural effusions had formed, they reached a maximum at 5 h (48.5±16.9 ml/thorax), and at 8 h there was no additional accumulation of pleural liquid (45.5±16.9 ml). Morphologic studies by light and electron microscopy demonstrated subpleural edema but no detectable injury to the visceral pleura, suggesting that the pleural liquid originated from the lung and not the pleura. In nine sheep, we quantified the rate of formation of pleural liquid by enclosing one lung in a plastic bag. By comparing in the same sheep the volume of pleural liquid collected from the enclosed lung to the volume found in the opposite intact chest, we estimated the rate of liquid absorption from the intact chest to be 0.32 ml/(kg. h); we had previously reported a liquid absorption rate of 0.28 ml/(kg. h) in normal sheep. These studies also supported the conclusion that the majority of the pleural liquid originated from the lung because we could account for all of the pleural liquid that was formed and cleared. The volume of pleural liquid collected from the enclosed lungs was equal to 21% of the excess lung liquid that formed after oleic acid-induced lung injury. Thus, the pleural space and parietal pleural lymphatic pathways are important pathways for the clearance of pulmonary edema liquid after experimentally induced increased permeability pulmonary edema.
Introduction
In 1972, Cunningham and Hurley (1) noted the presence of pleural effusions in rats that had been given alpha-naphthylthiourea to produce an increased permeability pulmonary edema. A recent radiographic study at our institution documented the presence of pleural effusions in 36% of the patients with increased permeability pulmonary edema (2) . We and other investigators have also found pleural effusions in patients who have increased permeability edema (3, 4) . Nonetheless, very little is known about the pathophysiology of these pleural effusions.
To determine the relationship between increased permeability pulmonary edema and pleural effusions, we have used oleic acid to produce acute lung injury in two sets of experiments in anesthetized sheep. Initially, we used physiologic and morphologic techniques to study the time course, quantity, and origin of the pleural liquid in intact, closed-chested sheep. Then, in a second set of experiments, we opened one chest and adapted a technique from Kinasewitz et al. (5) to enclose the lung in a bag and collect all the liquid leaving one lung. With this method, we were able to directly measure liquid leaving the lung across the visceral pleura. Since this technique removes the parietal pleura which is the pathway for pleural liquid absorption (6) , we were then able to calculate the absorption rate of pleural liquid from the intact chest by comparing the volume ofpleural liquid formed in the open chest to the volume remaining in the opposite, closed chest in each animal. Since the volume of pleural fluid that formed was substantial, we also calculated the fractional contribution of the pleural space to the clearance of pulmonary edema in this experimental model.
Methods
Surgical preparation. We anesthetized 21 female or wethered yearling sheep (32.6±6.2 kg) with intravenous sodium pentothal (30 mg/kg), intubated the sheep with a cuffed endotracheal tube, and ventilated them with a constant volume pump (Harvard Apparatus Co., Inc., S. Natick, MA). The lungs were ventilated with a tidal volume of 12-15 ml/kg and at a rate to maintain the Paco2 between 30 and 40 mmHg.
The FIo2 was adjusted to maintain a minimum Pao2 of 100 mmHg even after edema developed. Positive end-expiratory pressure of 5 cm H20 was applied. Anesthesia was maintained postinduction with 1% halothane and the sheep were paralyzed with 1 mg i.v. pancuronium bromide every 2 h.
We placed a catheter into the carotid artery and floated a 7F thermodilution catheter into the pulmonary artery (Edwards Laboratory, Santa Ana, CA). Another polyvinyl catheter (with PE50 tubing inserted inside it for the oleic acid infusion) was placed in the right atrium via the jugular vein. The sheep were placed prone on a warming blanket, and all transducers (Pd23ID; Gould, Inc., Oxnard, CA) were zeroed to the midchest level. Thermodilution cardiac outputs were determined using a dedicated on-line computer (model 3500; Mansfield Scientific, Mansfield, MA). systemic arterial, and airway pressures as well as cardiac outputs were recorded every 15 min. A hematocrit and arterial blood gas tensions were measured and plasma samples for protein concentration were obtained every 30 min. Then, over 1 h, oleic acid (0.12 ml/kg) (Sigma Chemical Co., St. Louis, MO) was infused through the PE50 catheter into the right atrium. Sheep were killed by exsanguination at different time periods after the beginning ofthe oleic acid infusion; two sheep at I h, four sheep at 3 h, three sheep at 5 h, and three sheep at 8 h. The sheep were then turned supine and underwent a median-sternotomy. We aspirated all the pleural liquid in each thorax using an infant feeding tube (Accumark feeding catheter, Concord Laboratories, Keene, NH). The lungs were removed and clamped at an airway pressure of 20 cm H20, and alveolar edema liquid was aspirated from the distal air spaces using an infant feeding tube inserted into the distal bronchi. Specimens were taken for histology from the right upper and right lower lobes. The remainder ofthe lungs was then frozen in liquid nitrogen.
Unilateral open-chest animals. We then studied nine sheep with one chest open and one chest closed. The sheep were prepared in a fashion similar to the closed-chest animals. However, a left (n = 4) or right (n = 5) thoracotomy was done and the fifth to ninth ribs were removed en bloc 4 in. from the sternum to the spine. The exposed lung was enclosed in an impermeable clear polyethylene bag (Dow Chemical Co., Indianapolis, IN) that contained dried lithium heparin (5) . The entire lung was enclosed; this was confirmed at the end of the experiment by inspection. A catheter was placed at the bottom of the bag to collect the pleural liquid. The sheep were turned prone and hemodynamic pressures and cardiac outputs were monitored every 15 min for a 2-h baseline period. Every half hour, pleural liquid was collected and plasma samples were obtained. There were five control sheep that were observed for a total of 6 h. In the four other sheep, oleic acid (0.12 ml/kg) was infused into the right atrium and the sheep were monitored for 4 h. The lungs were then removed as already described.
Measurements ofhemodynamics andprotein concentration
We measured systemic arterial, pulmonary arterial, pulmonary arterial wedge, and airway pressures at 15-min intervals. We also measured cardiac outputs and arterial blood gases, as previously described (6) . We measured total protein concentration of all liquids using an automated analyzer (AAII, Technicon Instruments Corp., Tarrytown, NY). Albumin concentration was determined by the bromcresol green binding method. Each lung was homogenized and the extravascular lung water and residual lung blood volume were determined by our standard technique (7) .
Histology
Samples of lung tissue, including the overlying visceral pleura, were taken from three sheep in each experimental group. The tissue samples were 4 cm long and 2 cm wide and were taken from the free margin of the cranial and caudal lobes of the right lung by a double clamping procedure. Fixation was accomplished by flushing the visceral pleural surface with 2% glutaraldehyde/l% paraformaldehyde in Millonig's phosphate buffer (320 mosM, pH 7.4) after the samples had been excised by cutting between the two clamps, and rinsing it with heparinized saline. Care was taken not to touch the visceral pleura. The same fixative was also injected into the lung tissue at several locations via a 25-gauge needle (0.1-0.2 ml per injection site) (8) . The tissue samples were then immersed in fresh fixative for 24 h.
Blocks of tissue for light microscopy (0.75 X 0.5 X 0.2 cm) were dehydrated through a graded ethanol series and embedded in glycol methacrylate, whereas tissue for electron microscopy (1 X 2 X 4 mm) was dehydrated through an acetone series and embedded in Polybed 812. The histologic sections (2 usm thick) were stained with 1% toluidine Blue. Thick sections (60-80 nm thick) for ultrastructural evaluation were counterstained with uranyl acetate and lead citrate (9) . A Zeiss Axioplan light microscope was used for histological observations and a Zeiss EM 9 was used for the ultrastructural studies.
Statistics
All data are presented as mean±SD. A one-way analysis of variance with a Neuman-Keuls multiple range test for multiple comparisons was used among the closed-chest sheep experiments. A paired t test with Bonferroni's correction for multiple comparisons was used to compare hemodynamic data in the baseline period with the final intervals within each of the closed-chest experiments. A paired t test was also used to test for differences in the same animal in the open-chest experiments. An unpaired t test was used to test for differences between the rates of pleural liquid clearance in the closed-chest experiments compared with our prior data for pleural liquid clearance in normal sheep (10). We accepted P < 0.05 as indicating statistically significant differences (1 1).
Results
Closed-chest experiments. Oleic acid induced several significant hemodynamic changes (Table I ). The pulmonary arterial pressure was significantly increased at all time periods until 8 h, after the baseline period. The pulmonary arterial wedge pressure was slightly elevated at 1 h, but was not significantly different from control values at later time periods. Cardiac output fell significantly but returned to baseline by 8 h after the start of the infusion. At the end of the 1-h oleic acid infusion, alveolar edema was present and the extravascular lung water had nearly doubled. Commensurate with the development of alveolar edema, injury to the alveolar barrier was noted (Fig. 1) . The epithelium became grossly swollen and distorted, whereas less severe but similar changes occurred in the endothelial cells of the alveolar capillaries. The extravascular lung water from the 5-h experimental group was significantly higher than the lung water of animals studied at other time intervals. Alveolar edema could be suctioned from the endotracheal tube at all times after oleic acid.
Despite the fact that alveolar edema was present by the 1-h A period, the pleural liquid volume obtained at 1 h was not significantly different from baseline (Table I) . However, the pleural liquid volume significantly increased to 25 times over baseline levels in the 5-and 8-h experiments. The pleural liquid volumes in the 5-and 8-h experiments were significantly different from the volumes obtained in the prior intervals, but not different from each other (Fig. 2) . The pleural liquid protein concentration increased in the 3-h experiments and remained elevated above baseline in the 5-and 8-h experiments (Table II) . The protein concentration of alveolar edema obtained at similar intervals was always higher than the protein concentration of the pleural liquid (Table II) .
The final protein concentration of the edema fluid in the 8-h experiments showed a substantial increase above plasma protein concentration, indicating that clearance ofalveolar liquid was occurring (12) .
Macroscopically, the first evidence ofedema accumulation at the visceral pleural surface was distention ofthe interlobular septae, giving the surface ofthe lung a honeycomb appearance ( Fig. 3) . Histology of the visceral pleura showed progressive development of subpleural edema that was greatest in the 5and 8-h experiments (Fig. 4) . The visceral pleural lymphatics became more prominent with time as well ( Fig. 4 ). There was no evidence of injury to the visceral pleural mesothelial cells by light ( Fig. 4) or ultrastructural (Fig. 5) examination.
Unilateral open-chest experiments. In the five control sheep that did not receive oleic acid, one lung was enclosed in a polyethylene bag for 6 h, and 5.5±1.8 ml/h of pleural liquid formed. The volume ofliquid collected was stable over the 6 h. The total protein concentration ofthis liquid was 4.9±1.2 g/dl, significantly higher than the total protein concentration (1.0±0.5 g/dl) for pleural liquid from normal sheep (6) . The enclosed lung had a normal extravascular lung water, 3.9±0.4 g/g dry lung, compared with our prior controls of 3.6±0.3 and with 3.8±0.3, in the opposite, control lung.
In the four sheep who received oleic acid with one lung enclosed in a bag and the other chest closed, hemodynamics were similar to the closed-chest experiments. 2 h after beginning the oleic acid infusion, the pleural liquid formation rate increased significantly and remained elevated (Table III) . The excess volume of pleural liquid obtained from the enclosed lungs was 71±48 ml (total minus the baseline), which exceeded the volume from the contralateral, intact pleural space (27±24 ml) (Table IV) . The pleural liquid volume collected from the closed chest in these 4-h experiments was midway between the volume of liquid found in the pleural space at 3 and 5 h in the closed-chest experiments ( Table I) .
The protein concentration of the pleural liquid collected from the bag-enclosed lung was higher than that of the pleural liquid from the opposite, intact chest (Table IV) . The pleural liquid-to-plasma protein concentration ratio increased from 0.7±0.0 at baseline to 0.8±0.1 after the oleic acid infusion (Table III) . The protein concentration ratio then remained constant (Table III) .
The mean extravascular lung water content ofthe enclosed lungs (5.9±0.3 g/g dry lung) was the same as that ofthe contralateral lungs in the opposite, intact chest (5.8±0.2). The values from these 4-h experiments are similar to the extravascular lung waters measured for the sheep in the 3-h closed-chest experiments (Table I) .
Discussion
The first objective of this study was to quantify the volume of pleural liquid that forms in the presence of experimentally induced acute lung injury. The second objective was to determine the time course and origin of the pleural effusions. The third objective was to segregate, if possible, the rates of formation and clearance of pleural liquid after oleic acid-induced lung injury. The final objective was to relate the volume of pleural liquid formed quantitatively to the increase in extravascular lung water.
The data in the closed-chest experiments demonstrate that moderate-sized pleural effusions are clearly associated with increased permeability pulmonary edema due to oleic acid lung injury in sheep (Fig. 2) . The pleural effusions were first detectable at 3 h, although pulmonary edema was present by 1 h with a wet/dry of 6.0±0.7 g/g dry lung (Table I) . The maximum quantity of pleural liquid collected was between 5 and 8 h.
Pleural liquid did not dramatically increase right after the oleic acid infusion. This might seem surprising since gross alveolar flooding was present by 1 h and the extravascular lung water was increased to 6.0 g water/g dry lung. However, the 2-h lag may be explained by the time required for subpleural interstitial edema to collect and raise pressure sufficiently to generate liquid flow. In the morphologic studies, we found that subpleural edema was minimal at I h but prominent by 3 h (Fig. 4) . Alveolar flooding may occur earlier because oleic acid has been shown recently to cause both an endothelial and epithelial injury (13) . With an intact epithelial barrier, edema may accumulate in the interstitium, raising pressure, and effusions might occur more rapidly (13, 14) . In separate experiments, we have studied the time course of pleural effusion formation in volume-overload pulmonary edema in sheep and found that the effusions do begin to accumulate within the first 1 h after the development of interstitial edema (15 ) .
The pleural liquid collected in our experiments is similar to lung interstitial liquid formed after oleic acid-induced lung injury. In normal sheep, the total protein concentration of pleural liquid is low (0.9-1.0 g/dl) and the pleural/plasma total protein concentration ratio is 0.2±0.1 (16). In our experiments, the total protein concentration of the pleural effusions varied from a normal ratio of 0.2 to a ratio of between 0.6 and 0.7 (Table II) , suggesting a different source ofthe pleural liquid in the presence of pulmonary edema or a change in the permeability of the pleural microcirculation. In chronic, unanesthetized sheep given a comparable dose of oleic acid, the lymph/ plasma protein ratio was 0.72 (17) , which is similar to our data for pleural liquid/plasma protein ratio in the closed-chest studies (Table II) . This similarity between the pulmonary lymph protein and the pleural liquid protein suggests that the pleural effusions originate from interstitial lung edema that traverses the visceral pleura into the pleural space.
There was no evidence for increased permeability of the pleural microcirculations in the closed-chest experiments. Indeed, the delay in the development of the pleural liquid suggests that the immediate injury that occurred at the pulmonary microvascular endothelium and alveolar epithelium does not occur at the pleural surface. Our histologic studies also support this conclusion since no injury of the visceral pleura was identified. In fact, Pine and colleagues (18) noted sparing of the visceral pleura in acute lung injury in dogs. There is no reason for liquid to be added to the pleural space from the parietal or visceral circulations, since the plasma protein concentration did not change significantly, and the central venous and pulmonary arterial wedge pressures did not increase to levels that cause hydrostatic edema. Therefore, we conclude that the majority of the pleural liquid was formed from lung interstitial liquid. However, to directly determine the rate of pleural liquid formation and clearance, we adapted the technique of Kinasewitz (5) in the open-chest experiments.
In the open-chest experiments, we excluded the parietal pleura as a possible contributor of pleural liquid. Because the lateral chest wall was removed, the visceral pleura and lung were the only possible sources of the collected liquid, and absorption of the pleural liquid could not take place. The pleural liquid that formed was then compared with the net volume collected in the intact opposite chest in each animal, where absorption was occurring (Table IV) .
The bag itself did cause some mild, stable pleural injury. In the five control experiments the pleural liquid formation rate was 5.5±1.8 ml/h, and the liquid had a higher protein concentration (4.9±1.2 g/dl) than found in normal sheep pleural liquid. However, over 6 h, the rate of pleural liquid formation remained constant. Thus, we could subtract the baseline pleural accumulation rate from the rate seen after oleic acid. In these experiments, 26 ml could be accounted for by the bag's effect on basal pleural liquid formation; 71 ml more was collected after oleic acid was administered (Table IV ). In the opposite, intact chest only 27 ml was collected. Therefore, 44 ml appears to have been absorbed over the 4-h interval, giving an absorption rate of 0.32 ml/(kg * h). (Tables I and III ). Calculating a reabsorption rate based on only the last 3 h of pleural liquid formation in the open-chest experiments, a volume of 64.7 ml was formed (Table III) . Since 37.7 ml was reabsorbed over the 3-h interval (64.7 -27 ml [Table IV ]) the reabsorption rate when pleural liquid is actively being formed is 0.36 ml/(kg * h). This new rate of pleural liquid absorption is not substantially different from the absorption rates we have reported (0.28 ml/kgh) when we studied the clearance of sterile artifical hydrothoraces in unanesthetized sheep (6, 10). We conclude that pleural liquid absorption is probably normal after oleic acid-induced lung injury. Since we can account for all the liquid in the closed chest by the formation from the lung minus the absorption at the chest wall, this also suggests that there is no other major source of pleural liquid.
Comparison of the data in Tables I and III suggests that the time course of pleural liquid formation might be different in the closedversus the open-chest sheep. There are two possible explanations for this apparent difference. First, the extravascular lung water (EVLW)' peaked at 5 h in the closed-chest sheep (8.0±0.4 g water/g dry lung) (Table I) (Table III) . Thus, heterogeneity among the responses to oleic acid with a higher 1. Abbreviation used in this paper: EVLW, extravascular lung water. EVLW and thus a greater pleural liquid formation rate in the closed-chest sheep may explain the apparent higher pleural fluid formation rate in the closed-compared with the openchest sheep. However, the higher pleural liquid volume at 5 and 8 h in the closed-chest sheep experiments might also reflect reabsorption of alveolar edema that was transported into the interstitial space. In support of this explanation, note that the alveolar edema protein concentration rises between 5 and 8 h (Table II) . Active reabsorption of alveolar liquid has been shown to occur in sheep and to cause alveolar protein concentration (12) . The reabsorption of alveolar edema would increase the EVLW in the interstitial space and possibly cause an increase in pleural liquid accumulation. The open-chest experiments also allowed us to estimate the percentage of excess EVLW that entered the pleural space. By adding the volume of pleural liquid obtained in the openchest, bag-enclosed lung (minus the baseline flow) to the excess lung water, we calculated the total volume of pulmonary edema present in these experiments. This was done by taking the Qwl/dQL ofeach lung and subtracting our normal value of 3.6. This result was then multiplied by the dQL, the excess dry weight found in each lung water determination (12) . This product (1 11 ml±52) was added to the pleural liquid volume (71±48) for a volume of 182 ml. The reported excess lung lymph flow after 0.12 ml/kg of intravenous oleic acid is 41±19 ml/h (or 164 ml) for 4 h after an oleic-acid infusion (17) . We added all of this lymph volume even though it reflects flow from both lungs because lung lymph flow in sheep probably collects only about one-half of the lymph from each lung. The total volume of excess lung water accumulation (pleural liquid, excess water in the lungs, and the excess lung lymph flow) calculates to 346 ml. The pleural liquid volume (71 ml) then accounts for 21% of the total excess liquid formed after oleicacid lung injury. Thus, the pleural leak represents a new significant pathway for clearance of lung edema.
Pleural Effusions in Increased Permeability
In conclusion, pleural effusions develop in sheep after increased permeability pulmonary edema is produced by oleic acid. The effusions are of moderate size and have a total protein concentration similar to lung lymph, suggesting that the pleural liquid originates from the pulmonary interstitium primarily. This is different from normal pleural liquid, which is believed to be formed by the parietal and visceral pleural microcirculations. Since -21% of the extravascular lung water accumulated as pleural fluid, the pleural space is an important pathway for removal of edema from the lung.
